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(54) System for detecting circadian states using an implantable medical device

(57) A system for detecting the circadian state of a

patient using an implantable medical device based on

selected blood carbon dioxide (C02 )
parameters. The

implantable device tracks changes in end tidal C02

(etC02 ) levels and changes in maximum variations of

pC02 levels per breathing cycle (AcydeC02 ) over the

course of the day and determines the circadian state

based thereon. Average etC02 levels are generally

highest and average AcydeC02 levels are generally low-

est while a patient is asleep and opposite while a patient

is awake. Hence, by tracking changes in average etC02

and AcydeC02 levels over the course of the day, circa-

dian states can be detected. Minute ventilation and ac-

tivity levels are used to assist in the determination of the

circadian state. Additional techniques are directed to de-

tecting the stage of sleep.
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Description

[0001] The invention relates generally implantable

medical devices, such as pacemakers or implantable

cardioverter/defibrillators (ICDs), and in particular to

techniques for detecting circadian states (i.e. sleep/

wake states) using an implantable medical device.

[0002] A pacemaker is a medical device for implant

within a patient, which recognizes various arrhythmias

such as an abnormally slow heart rate (bradycardia) or

an abnormally fast heart rate (tachycardia) and delivers

electrical pacing pulses to the heart in an effort to rem-

edy the arrhythmias. An ICD is a device, also implanta-

ble into a patient, which additionally or alternatively rec-

ognizes atrial fibrillation (AF) or ventricular fibrillation

(VF) and delivers electrical shocks to terminate fibrilla-

tion.

[0003] Pacemakers and ICDs are often provided with

the capability to detect the circadian state of the patient,

i.e. whether the patient is awake or asleep, and to adjust

pacing parameters based on the circadian state. For ex-

ample, a base pacing rate may be reduced while the

patient is asleep then increased while the patient is

awake. Conventionally, circadian state is detected

based on time of day using an on-board clock or detect-

ed using a posture sensor. Typically, with an on-board

clock, the patient is simply deemed to be awake during

the day and during the evening but asleep at night. With

a posture sensor, typically, the patient is deemed to be

asleep while lying down. Neither technique is particular-

ly effective. An on-board clock does not properly allow

for a reduction in pacing rates if the patient sleep during

the day or for an increase in pacing rates if the patient

is awake at night. Posture detection does not properly

distinguish between simply lying down rather than

sleeping.

[0004] More sophisticated circadian state detection

techniques have been developed that exploit patient ac-

tivity levels detected using an activity sensor or that ex-

ploit minute ventilation detected using a thoracic imped-

ance detector. A detailed description of an activity sen-

sor for use in detecting circadian states is provided in

U.S. Pat. No. 5,476,483, to Bornzin et a/., entitled "Sys-

tem and Method for Modulating the Base Rate During

Sleep for a Rate-responsive Cardiac Pacemaker",

which is incorporated herein by reference. Briefly, Born-

zin et al. teaches the use of "activity variance" to deter-

mine if the patient is awake or sleeping. That is, an ac-

tivity sensor has significantly less variability during

sleep. Details of a system for exploiting minute ventila-

tion in the detection of circadian states is set forth in U.

S. Patent No. 6,128,534 to Parketai, entitled "Implant-

able Cardiac Stimulation Device And Method For Vary-

ing Pacing Parameters To Mimic Circadian Cycles ",

which is also incorporated by reference herein.

[0005] By using activity variance or minute ventilation,

many of the problems associated with conventional cir-

cadian state detection techniques are overcome. How-

ever, room for improvement remains. In particular,

minute ventilation and activity-based detection tech-

niques can be adversely affected by frequent movement
of the patient while asleep, as can occur with patients

5 who are restless sleepers or with patients with labored

breathing while asleep. Congestive heart failure (CHF)

patients suffering from severe Cheyne-Stokes respira-

tion often have quite labored breathing while asleep

causing both elevated minute ventilation levels and ac-

10 tivity levels. Hence, techniques relying only on minute

ventilation and/or activity levels can erroneously con-

clude the patient is awake instead of asleep.

[0006] Accordingly, it would be desirable to provide an

improved technique for detecting circadian states and it

15 is to this end that aspects of the invention are generally

directed. In particular, the invention is generally directed

to exploiting blood carbon dioxide (C02 )
parameters ei-

ther alone or in combination with minute ventilation and

activity levels for detecting circadian states. In this re-

20 gard, it has been found that patients can tolerate a high-

er partial pressure of C02 (pC02 ) in the blood stream

while asleep than while awake. Hence, average pC02

levels are generally higher, on the average, while asleep

than while awake. Although still higher levels can be

25 achieved while exercising, patients with pacemakers or

ICDs typically do not exercise often enough to elevate

average waking pC02 levels above average sleeping

pC02 levels. Moreover, it is the increasing concentration

of pC02 in the blood stream during the end tidal phase
30 of the breathing cycle (also referred to herein as etC02 )

that ultimately triggers inhalation. Since patients tolerate

a higher concentration of pC02 in the blood stream while

asleep, etC02 is slightly higher, again on the average,

while sleep than while awake. In addition, it has been
35 found that, on the average, the difference between the

minimum and maximum pC02 concentrations within in-

dividual breathing cycles (referred to herein as

AcydeC02 ) is greater while awake than while asleep.

Hence, these and other blood C02-based parameters

40 can be used to distinguish between sleeping and waking

states, i.e. to detect circadian states, so that pacing con-

trol parameters can be adjusted accordingly.

[0007] At least one technique has been developed for

detecting blood C02 levels using an implanted device.

45 See U.S. Patent No. 4,716,887 to Konig et al., entitled

"Apparatus and Method for Adjusting Heart/Pacer Rate

Relative to Cardiac PC02 to Obtain a Required Cardiac

Output". With the technique of Konig et al., average

pC02 levels are detected and used in the adjustment of

50 rate-responsive pacing rates under the assumption that

higher pC02 levels generally correspond to a higher ex-

ercise states, thus requiring higher pacing rates. In other

words, the technique detects changes in pC02 with time

(ApC02 ) and adjusts pacing rates based on ApC02 . Al-

55 though the assumption that higher pC02 levels gener-

ally correspond to a higher exercise states may be true

while a patient is awake, this does not recognize the fact

that average pC02 levels are actually higher while

2
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asleep than while awake, at least for typical patients

having pacemakers and ICDs. In any case, Konig et al.

does not provide for the detection of circadian states

based on blood C02 parameters but only for rate re-

sponsive pacing.

[0008] In accordance with one illustrative embodi-

ment, a technique is provided for use with an implanta-

ble medical device for detecting the circadian state of

the patient. The circadian state of the patient in which

the device is implanted is detected by first detecting

changes in selected blood C02 parameters and then de-

termining the circadian state of the patient based upon

the changes in the selected blood C02 parameters.

Preferably, a pH/C02 sensor is used to track changes

in etC02 levels as well as changes in Acyc |eC02 . As not-

ed above, it has been found that average etC02 levels

are generally higher and average AcydeC02 levels are

generally lower while a patient is asleep than while

awake. Hence, by tracking changes in etC02 and

AcydeC02 over the course of the day, circadian states

can be detected. Alternatively, corresponding blood pH
levels are tracked.

[0009] In an exemplary embodiment, wherein the im-

plantable device is a pacemaker or ICD, various control

parameters of the device are automatically adjusted

based on the detected circadian state. For example, the

device may be programmed to switch from a normal

base pacing rate to a sleep base pacing rate when the

patient falls asleep. Preferably, in addition to etC02 and
AcydeC02 , the implantable device also tracks minute

ventilation using a thoracic impedance sensor and

tracks activity levels using an accelerometer. Minute

ventilation and activity levels are used to assist in the

determination of the circadian state. However, by prima-

rily basing the determination of circadian state on pC02

levels, the problems noted above that may arise when

using only minute ventilation and/or activity levels are

substantially avoided and a more reliable determination

of the circadian state is achieved.

[0010] The invention also extends to the concept, in

an implantable medical device for implant within a pa-

tient, of a method for detecting a circadian state of the

patient, the method comprising: detecting changes in

one or more blood carbon dioxide (C02 )
parameters;

and determining the circadian state of the patient based

upon the changes in the one or more blood C02 param-

eters.

[0011] Preferably, detecting changes in selected

blood C02 parameters comprises detecting one or more

of changes in end tidal C02 (etC02 ) levels and changes

in maximum variation of pC02 level per breathing cycle

(AcydeC02), and/or detecting one or more of changes in

end tidal pH levels and changes in maximum variation

of blood pH level per breathing cycle (AcydepH).

[0012] Generally, determining the circadian state of

the patient based upon the changes in the selected

blood C02 parameters comprises identifying whether

the patient is asleep or awake.

[0013] The method may further comprise detecting

activity levels of the patient and the step of determining

the circadian state of the patient additionally takes into

account the detected activity levels. Alternatively, the

5 method may further comprise detecting minute ventila-

tion levels of the patient and the step of determining the

circadian state of the patient additionally takes into ac-

count the detected minute ventilation levels; optionally

the method may further comprise determining the ratio

10 of minute ventilation to blood C02 levels of the patient

and the step of determining the circadian state of the

patient additionally takes into account this ratio. The

method may further comprise determining a sleep stage

of the patient based on the ratio of minute ventilation to

15 blood C02 levels of the patient.

[0014] Preferably, detecting changes in selected

blood C02 parameters is performed to detect changes

in etC02 levels and changes in AcydeC02 . The method

may also include detecting activity levels of the patient

20 detecting minute ventilation levels of the patient and

wherein the step of determining the circadian state of

the patient takes into account a combination of

AcydeC02 levels, etC02 levels, activity levels and

minute ventilation levels. Preferably, determining the cir-

25 cadian state of the patient comprises generating a his-

togram representative of a range of values of the select-

ed blood C02 parameters detected over a period of time

and identifying the circadian state of the patient based

upon the shape of the histogram. The method may also

30 comprise controlling device functions based on the de-

tected circadian state of the patient.

[0015] The invention also contemplates, in an im-

plantable medical device for implant within a patient, a

method for detecting a circadian state of the patient

35 comprising: detecting blood carbon dioxide levels

(pC02); detecting minute ventilation levels; determining

a ratio of minute ventilation to pC02 ; and determining

the circadian state of the patient based upon the ratio of

minute ventilation to pC02 .

40 [0016] The method may further comprise detecting

end tidal pC02 levels of the patient and the step of de-

termining the circadian state of the patient additionally

takes into account the end tidal pC02 levels. The meth-

od may further comprise determining a sleep stage of

45 the patient based on the ratio of minute ventilation to

blood C02 levels of the patient.

[0017] Thus, various techniques are provided for de-

tecting circadian states of a patient using an implantable

device. Additional techniques are provided for determin-

50 ing the circadian state and/or the stage of sleep based

on the ratio of minute ventilation to pC02 . Other objects,

features and advantages of the invention will be appar-

ent from the detailed description to follow.

[0018] The above and further features, advantages

55 and benefits of the present invention will be apparent

upon consideration of the present description taken in

conjunction with the accompanying drawings, in which:

3
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FIG. 1 is a simplified, partly cutaway view illustrating

an implantable stimulation device in electrical com-

munication with at least three leads implanted into

a patient heart for delivering multi-chamber stimu-

lation and shock therapy;

FIG. 2 is a functional block diagram of the multi-

chamber implantable stimulation device of FIG. 2,

illustrating the basic elements that provide cardio-

version, defibrillation and/or pacing stimulation in

four chambers of the heart and particularly illustrat-

ing a blood C02-based circadian state detection

system for automatically detecting the circadian

state of the patient;

FIG. 3 is a flow diagram illustrating a method per-

formed by the circadian state detection system of

FIG. 2 to determine circadian states;

FIG. 4 is a graph illustrating an individual breathing

cycle and particularly illustrating the difference be-

tween sleeping and waking AcydeC02 levels and

etC02 levels;

FIG. 5 is a graph illustrating a histogram employed

by the circadian state detection system of FIG. 2 to

determine circadian states;

FIG. 6 is a graph illustrating changes in AcydeC02 ,

etC02 , minute ventilation and activity levels over a

period of twenty-four hours as a result of circadian

cycles for a healthy patient;

FIG. 7 is a graph illustrating changes in AcydeC02 ,

etC02 , minute ventilation and activity levels over a

period of twenty-four hours for a patient with CHF;

FIG. 8 is a graph illustrating changes in AcydeC02 ,

etC02 , minute ventilation and activity levels over a

period of twenty-four hours for a patient who briefly

awakens during the night;

FIG. 9 is a graph illustrating changes in AcydeC02 ,

etC02 , minute ventilation and activity levels over a

period of two hours while awake for a patient who
briefly exercises;

FIG. 10 is a graph illustrating minute ventilation vs.

pC02 for various stages of sleep; and

FIG. 11 is a flow diagram illustrating an alternative

method performed by the circadian state detection

system of FIG. 2 to determine sleep stage as well

as circadian state.

Stimulation Device

[0019] FIG. 1 illustrates a stimulation device 10 in

electrical communication with a patient's heart 12 by

way of three leads 20, 24 and 30 suitable for delivering

multi-chamber stimulation and shock therapy. To sense

atrial cardiac signals and to provide right atrial chamber

stimulation therapy, the stimulation device 1 0 is coupled

to an implantable right atrial lead 20 having at least an

atrial tip electrode 22, which typically is implanted in the

patient's right atrial appendage.

[0020] To sense left atrial and ventricular cardiac sig-

nals and to provide left-chamber pacing therapy, the

stimulation device 10 is coupled to a "coronary sinus"

lead 24 designed for placement in the "coronary sinus

region" via the coronary sinus os so as to place a distal

electrode adjacent to the left ventricle and additional

5 electrode(s) adjacent to the left atrium. As used herein,

the phrase "coronary sinus region" refers to the vascu-

lature of the left ventricle, including any portion of the

coronary sinus, great cardiac vein, left marginal vein, left

posterior ventricular vein, middle cardiac vein, and/or

10 small cardiac vein or any other cardiac vein accessible

by the coronary sinus. Accordingly, the coronary sinus

lead 24 is designed to receive atrial and ventricular car-

diac signals and to deliver left ventricular pacing therapy

using at least a left ventricular tip electrode 26, left atrial

15 pacing therapy using at least a left atrial ring electrode

27, and shocking therapy using at least a left atrial coil

electrode 28.

[0021] The stimulation device 10 is also shown in

electrical communication with the patient's heart 12 by

20 way of an implantable right ventricular lead 30 having,

in this embodiment, a right ventricular tip electrode 32,

a right ventricular ring electrode 34, a right ventricular

(RV) coil electrode 36, and an SVC coil electrode 38.

Typically, the right ventricular lead 30 is transvenously

25 inserted into the heart 12 so as to place the right ven-

tricular tip electrode 32 in the right ventricular apex so

that the RV coil electrode 36 will be positioned in the

right ventricle and the SVC coil electrode 38 will be po-

sitioned in the superior vena cava. Accordingly, the right

30 ventricular lead 30 is capable of receiving cardiac sig-

nals, and delivering stimulation in the form of pacing and

shock therapy to the right ventricle.

[0022] FIG. 2 illustrates a simplified block diagram of

the multi-chamber implantable stimulation device 10

35 which is capable of treating both fast and slow arrhyth-

mias with stimulation therapy, including cardioversion,

defibrillation, and pacing stimulation. While a particular

multi-chamber device is shown, this is for illustration

purposes only and one of skill in the art could readily

40 duplicate, eliminate or disable the appropriate circuitry

in any desired combination to provide a device capable

of treating the appropriate chamber(s) with cardiover-

sion, defibrillation and/or pacing stimulation.

[0023] The stimulation device 10 includes a housing

45 40 which is often referred to as a "can", "case" or "case

electrode", and which may be programmably selected

to act as the return electrode for all "unipolar" modes.

The housing 40 may further be used as a return elec-

trode alone or in combination with one or more of the

50 coil electrodes 28, 36 or 38, for shocking purposes. The

housing 40 further includes a connector (not shown)

having a plurality of terminals, 42, 44, 46, 48, 52, 54, 56

and 58 (shown schematically and, for convenience, the

names of the electrodes to which they are connected

55 are shown next to the terminals). As such, to achieve

right atrial sensing and pacing, the connector includes

at least a right atrial tip terminal 42 adapted for connec-

tion to the right atrial (AR )
tip electrode 22.

25

30

35

40

45

50
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[0024] To achieve left chamber sensing, pacing and/

or shocking, the connector includes at least a left ven-

tricular (V L)
tip terminal 44, a left atrial (AL)

ring terminal

46, and a left atrial (A L)
shocking terminal (coil) 48,

which are adapted for connection to the left ventricular

tip electrode 26, the left atrial ring electrode 27, and the

left atrial coil electrode 28, respectively.

[0025] To support right chamber sensing, pacing and/

or shocking, the connector further includes a right ven-

tricular (VR )
tip terminal 52, a right ventricular (VR )

ring

terminal 54, a right ventricular (RV) shocking terminal

(coil) 56, and an SVC shocking terminal (coil) 58, which

are adapted for connection to the right ventricular tip

electrode 32, right ventricular ring electrode 34, the RV
coil electrode 36, and the SVC coil electrode 38, respec-

tively.

[0026] At the core of the stimulation device 1 0 is a pro-

grammable microcontroller 60 that controls the various

modes of stimulation therapy. As is well known in the

art, the microcontroller 60 typically includes a micro-

processor, or equivalent control circuitry or processor,

designed specifically for controlling the delivery of stim-

ulation therapy, and may further include RAM or ROM
memory, logic and timing circuitry, state machine circuit-

ry, and I/O circuitry. Typically, the microcontroller 60 in-

cludes the ability to process or monitor input signals (da-

ta) as controlled by program code stored in a designated

block of memory. The details of the design and operation

of the microcontroller 60 are not critical to the present

invention. Rather, any suitable microcontroller 60 may
be used that carries out the functions described herein.

The use of microprocessor-based control circuits for

performing timing and data analysis functions is well

known in the art.

[0027] As shown in FIG. 2, an atrial pulse generator

70 and a ventricular pulse generator 72 generate pacing

stimulation pulses for delivery by the right atrial lead 20,

the right ventricular lead 30, and/or the coronary sinus

lead 24 via a switch bank 74. It is understood that in

order to provide stimulation therapy in each of the four

chambers of the heart, the atrial pulse generator 70 and

the ventricular pulse generator 72 may include dedicat-

ed, independent pulse generators, multiplexed pulse

generators, or shared pulse generators. The atrial pulse

generator 70 and the ventricular pulse generator 72 are

controlled by the microcontroller 60 via appropriate con-

trol signals 76 and 78, respectively, to trigger or inhibit

the stimulation pulses.

[0028] The microcontroller 60 further includes timing

control circuitry 79 which is used to control the timing of

such stimulation pulses (e.g., pacing rate, atrio-ven-

tricular (AV) delay, atrial interconduction (A-A) delay,

ventricular interconduction (V-V) delay, pacing mode,

etc.), as well as to keep track of the timing of refractory

periods, PVARP intervals, noise detection windows,

evoked response windows, alert intervals, marker chan-

nel timing, etc.

[0029] The switch bank 74 includes a plurality of

switches for connecting the desired electrodes to the ap-

propriate I/O circuits, thereby providing complete elec-

trode programmability. Accordingly, the switch bank 74,

in response to a control signal 80 from the microcontrol-

5 ler 60, determines the polarity of the stimulation pulses

(e.g., unipolar, bipolar, combipolar, etc.) by selectively

closing the appropriate combination of switches (not

shown) as is known in the art.

[0030] Atrial sensing circuits 82 and ventricular sens-

10 ing circuits 84 may also be selectively coupled to the

right atrial lead 20, coronary sinus lead 24, and the right

ventricular lead 30, through the switch bank 74, for de-

tecting the presence of cardiac activity in each of the

four chambers of the heart. Accordingly, the atrial and
15 ventricular sensing circuits 82 and 84 may include ded-

icated sense amplifiers, multiplexed amplifiers, or

shared amplifiers. The switch bank 74 determines the

"sensing polarity" of the cardiac signal by selectively

closing the appropriate switches. In this way, the clini-

20 cian may program the sensing polarity independent of

the stimulation polarity.

[0031] Each of the sensing circuits, 82 and 84, pref-

erably employ one or more low power, precision ampli-

fiers with programmable gain and/or automatic gain

25 control, bandpass filtering, and athreshold detection cir-

cuit, to selectively sense the cardiac signal of interest.

The automatic gain control enables the stimulation de-

vice 10 to deal effectively with the difficult problem of

sensing the low amplitude signal characteristics of atrial

30 or ventricular fibrillation.

[0032] The outputs of the atrial and ventricular sens-

ing circuits 82 and 84 are connected to the microcon-

troller 60 for triggering or inhibiting the atrial and ven-

tricular pulse generators 70 and 72, respectively, in a

35 demand fashion, in response to the absence or pres-

ence of cardiac activity, respectively, in the appropriate

chambers of the heart. The atrial and ventricular sensing

circuits 82 and 84, in turn, receive control signals over

signal lines 86 and 88 from the microcontroller 60, for

40 controlling the gain, threshold, polarization charge re-

moval circuitry (not shown), and the timing of any block-

ing circuitry (not shown) coupled to the inputs of the atri-

al and ventricular sensing circuits 82 and 84.

[0033] For arrhythmia detection, the stimulation de-

45 vice 1 0 utilizes the atrial and ventricular sensing circuits

82 and 84 to sense cardiac signals, for determining

whether a rhythm is physiologic or pathologic. As used

herein "sensing" is reserved for the noting of an electri-

cal signal, and "detection" is the processing of these

50 sensed signals and noting the presence of an arrhyth-

mia. The timing intervals between sensed events (e.g.,

P-waves, R-waves, and depolarization signals associ-

ated with fibrillation which are sometimes referred to as

"F-waves" or "Fib-waves") are then classified by the mi-

55 crocontroller 60 by comparing them to a predefined rate

zone limit (e.g., bradycardia, normal, low rate VT, high

rate VT, and fibrillation rate zones) and various other

characteristics (e.g., sudden onset, stability, physiologic

5
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sensors, and morphology, etc.) in orderto determine the

type of remedial therapy that is needed (e.g., bradycar-

dia pacing, anti-tachycardia pacing, cardioversion

shocks or defibrillation shocks, collectively referred to

as "tiered therapy").

[0034] Cardiac signals are also applied to the inputs

of an analog-to-digital (A/D) data acquisition system 90.

The data acquisition system 90 is configured to acquire

intracardiac electrogram signals, convert the raw analog

data into digital signals and store the digital signals for

later processing and/or telemetric transmission to an ex-

ternal device 102. The data acquisition system 90 is

coupled to the right atrial lead 20, the coronary sinus

lead 24, and the right ventricular lead 30 through the

switch bank 74 to sample cardiac signals across any

pair of desired electrodes.

[0035] Advantageously, the data acquisition system

90 may be coupled to the microcontroller 60 or other

detection circuitry, for detecting an evoked response

from the heart 12 in response to an applied stimulus,

thereby aiding in the detection of "capture". Capture oc-

curs when an electrical stimulus applied to the heart is

of sufficient energy to depolarize the cardiac tissue,

thereby causing the heart muscle to contract. The mi-

crocontroller 60 detects a depolarization signal during a

window following a stimulation pulse, the presence of

which indicates that capture has occurred. The micro-

controller 60 enables capture detection by triggering the

ventricular pulse generator 72 to generate a stimulation

pulse, starting a capture detection window using the tim-

ing circuitry within the microcontroller 60, and enabling

the data acquisition system 90 via control signal 92 to

sample the cardiac signal that falls in the capture detec-

tion window and, based on the amplitude of the sampled

cardiac signal, determines if capture has occurred.

[0036] The microcontroller 60 is further coupled to a

memory 94 by a suitable data/address bus 96, where

the programmable operating parameters used by the

microcontroller 60 are stored and modified, as required,

in order to customize the operation of the stimulation de-

vice 10 to suit the needs of a particular patient. Such

operating parameters define, for example, pacing pulse

amplitude, pulse duration, electrode polarity, rate, sen-

sitivity, automatic features, arrhythmia detection criteria,

pacing mode, and the amplitude, waveshape and vector

of each shocking pulse to be delivered to the patient's

heart 1 2 within each respective tier of therapy. A feature

of the stimulation device 10 is the ability to sense and

store a relatively large amount of data (e.g., from the

data acquisition system 90), which data may then be

used for subsequent analysis to guide the programming

of the stimulation device 10.

[0037] Advantageously, the operating parameters of

the stimulation device 10 may be non-invasively pro-

grammed into the memory 94 through a telemetry circuit

100 in telemetric communication with the external de-

vice 1 02, such as a programmer, transtelephonic trans-

ceiver or a diagnostic system analyzer. The telemetry

circuit 100 is activated by the microcontroller 60 by a

control signal 106. The telemetry circuit 100 advanta-

geously allows intracardiac electrograms and status in-

formation relating to the operation of the stimulation de-

5 vice 1 0 (as contained in the microcontroller 60 or mem-
ory 94) to be sent to the external device 1 02 through an

established communication link 104.

[0038] The microcontroller includes a C02-based cir-

cadian state detection system 1 01 detecting the current

circadian state of the patient and for controlling to oper-

ations of the pacemaker based thereon. Briefly, the cir-

cadian state detection system detects the circadian

state based upon a combination of end tidal pC02 lev-

els, AcydeC02 levels, minute ventilation levels and ac-

tivity levels. To detect pC02 levels, the device uses a

blood pH/C02 sensor 103, which derives pC02 levels

from blood pH. Activity level and minute ventilation are

detected using, respectively, an activity sensor 105 and

a minute ventilation sensor 1 07. The activity sensor de-

tects activity using any variety of techniques such as an-

alyzing accelerometer signals. Furthermore, activity sig-

nals may be processed to generate an activity variance

value in accordance with the techniques described in

the aforementioned Bornzin et al. and Park et al. pat-

ents. The device may also include an additional physi-

ologic sensor denoted 1 08 for detecting changes in car-

diac output or changes in the physiological condition of

the heart. The microcontroller 60 responds to signals re-

ceived from the various sensors and from the circadian

state detection system by adjusting various pacing pa-

rameters (such as base rate, pacing rate, AV Delay, V-V

Delay, etc.) with which the atrial and ventricular pulse

generators, 70 and 72, generate stimulation pulses. Al-

though sensors 103, 105 and 107 are shown as being

external to the device, depending upon the implemen-

tations, all or some of the components of the sensors

may be internal to the device.

[0039] For a description of a blood pH sensor for de-

tecting pC02 levels, see the aforementioned Konigetal

patent. A minute ventilation sensor is described in U.S.

Patent No. 5,836,988 to Cooper, etal. Details regarding

an exemplary activity sensor are provided in U.S. Patent

No. 5,496,352 to Renger. As noted, descriptions of ac-

tivity variance sensors are provided in the Bornzin etal.

and Park et al. patents. Each of these patents is incor-

porated by reference herein.

[0040] The operation of the circadian state detection

system is described in detail below with reference to

FIGS. 3 - 9.

[0041 ] The stimulation device 1 0 additionally includes

a power source such as a battery 110 that provides op-

erating power to all the circuits shown in FIG. 2. For the

stimulation device 1 0, which employs shocking therapy,

the battery 110 must be capable of operating at low cur-

rent drains for long periods of time and also be capable

of providing high-current pulses (for capacitor charging)

when the patient requires a shock pulse. The battery 1 1

0

must preferably have a predictable discharge charac-

15
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teristic so that elective replacement time can be detect-

ed. Accordingly, the stimulation device 10 can employ

lithium/silver vanadium oxide batteries.

[0042] The stimulation device 10 further includes a

magnet detection circuitry (not shown), coupled to the

microcontroller 60. The purpose of the magnet detection

circuitry is to detect when a magnet is placed over the

stimulation device 10, which magnet may be used by a

clinician to perform various test functions of the stimu-

lation device 10 and/or to signal the microcontroller 60

that an external programmer 102 is in place to receive

or transmit data to the microcontroller 60 through the

telemetry circuit 100.

[0043] As further shown in FIG. 2, the stimulation de-

vice 10 is shown as having an impedance measuring

circuit 112 which is enabled by the microcontroller 60

via a control signal 114. Certain applications for an im-

pedance measuring circuit 112 include, but are not lim-

ited to, lead impedance surveillance during the acute

and chronic phases for proper lead positioning or dis-

lodgment; detecting operable electrodes and automati-

cally switching to an operable pair if dislodgment occurs;

measuring respiration or minute ventilation; measuring

thoracic impedance for determining shock thresholds;

detecting when the device has been implanted; meas-

uring stroke volume; and detecting the opening of the

valves, etc. The impedance measuring circuit 112 is ad-

vantageously coupled to the switch bank 74 so that any

desired electrode may be used.

[0044] It is a primary function of the stimulation device

1 0 to operate as an implantable cardioverter/defibrillator

(ICD) device. That is, it must detect the occurrence of

an arrhythmia, and automatically apply an appropriate

electrical shock therapy to the heart aimed at terminat-

ing the detected arrhythmia. To this end, the microcon-

troller 60 further controls a shocking circuit 1 1 6 by way
of a control signal 118. The shocking circuit 116 gener-

ates shocking pulses of low (up to 0.5 joules), moderate

(0.5-1 0 joules), or high (1 1 -40 joules) energy, as control-

led by the microcontroller 60. Such shocking pulses are

applied to the patient's heart through at least two shock-

ing electrodes, as shown in this embodiment, selected

from the left atrial coil electrode 28, the RV coil electrode

36, and/or the SVC coil electrode 38 (FIG. 1). As noted

above, the housing 40 may act as an active electrode

in combination with the RV electrode 36, or as part of a

split electrical vector using the SVC coil electrode 38 or

the left atrial coil electrode 28 (e.g., using the RV elec-

trode as a common electrode).

[0045] Cardioversion shocks are generally consid-

ered to be of low to moderate energy level (so as to min-

imize pain felt by the patient), and/or synchronized with

an R-wave, and/or pertaining to the treatment of tachy-

cardia. Defibrillation shocks are generally of moderate

to high energy level (i.e., corresponding to thresholds in

the range of 5-40 joules), delivered asynchronously

(since R-waves may be too disorganized) and pertain-

ing exclusively to the treatment of fibrillation. According-

ly, the microcontroller 60 is capable of controlling the

synchronous or asynchronous delivery of the shocking

pulses.

[0046] In the remaining figures, flow charts are pro-

5 vided for illustrating the operation and novel features of

various exemplary embodiments of the invention. In the

flow chart, various algorithmic steps are summarized in

individual "blocks". Such blocks describe specific ac-

tions or decisions to be made or carried out as the algo-

10 rithm proceeds. Where a microcontroller (or equivalent)

is employed, the flow charts presented herein provide

the basis for a "control program" that may be used by

such a microcontroller (or equivalent) to effectuate the

desired control of the device. Those skilled in the art may
15 readily write such a control program based on the flow

charts and other descriptions presented herein.

Determination of Circadian State

20 [0047] Referring now to FIG. 3, the operation of the

circadian state detection system of 1 01 of FIG. 2 will be

described. Beginning at step 200, the detection system

inputs signals from the pH/C02 sensor, the activity sen-

sor and the minute ventilation sensor (sensors 1 03, 1 05

25 and 107 of FIG. 2, respectively.) The pH/C02 sensor

converts detected blood pH levels into signals repre-

sentative of pC02 levels before forwarding the informa-

tion to the circadian state detection system, which de-

tects the circadian state based, in part, on changes in

30 pC02 levels. In the alternative, the pH/C02 sensor in-

stead forwards signals representative of blood pH levels

directly to the circadian state detection system, which

detects the circadian state based on changes in blood

pH levels. In the following, the invention is described

35 with respect to the embodiment wherein blood pH levels

are converted to pC02 levels before further processing.

Detection of the circadian state directly using pH levels

is essentially the same as set forth in the following de-

scriptions but modified to reflect the fact that pH levels

40 are numerically lower when pC02 levels are numerically

higher and vice versa. This is simply because higher

acidity is represented by a numerically lower pH. Since

higher pC02 levels make the blood more acidic, the

blood pH level is thereby numerically lower.

45 [0048] In any case, at step 202, the detection system

identifies individual breathing cycles based in changes

in pC02 levels. In this regard, pC02 varies from a max-

imum to a minimum during a single breathing cycle.

Hence, a single breathing cycle can be detected by iden-

50 tifying consecutive peak maxima or minima in the pC02
signals. Alternatively, breathing cycles can be detected

based on an analysis of minute ventilation signals. At

step 204, the detection system then determines the

maximum variation in the pC02 level within the latest

55 breathing cycle, referred to herein as AcydeC02 .
(Note

that AcyC |eC02 differs from AC02 , which instead refers

to a change in average pC02 levels from one period of

time to another.) If pH levels are instead directly proc-

7
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essed, then the detection system determines the maxi-

mum variation in the blood pH level within the latest

breathing cycle, referred to herein as AcydepH. In any

case, at step 206, the detection system also determines

the etC02 level (or end tidal pH level) within each

breathing cycle.

[0049] AcydeC02 and etC02 are both illustrated in

FIG. 4, which shows changes in pC02 levels during two

consecutive breathing cycles. As can be seen, the pC02

level varies from a maximum end tidal level to a mini-

mum level. Note that the shape of the graph provided in

FIG. 4 is primarily representative of a capnographic

waveform, i.e. a representation of respiration pC02 lev-

els as detected using an external respiration monitor.

The actual shape of changes in pC02 levels during a

breathing cycle may differ somewhat. The capnographic

waveform of FIG. 4 is provided as it illustrates the gen-

eral cyclic change in pC02 levels during a breathing cy-

cle. In any case, two separate graphs are illustrated in

FIG. 4: graph 208, shown with a solid line, illustrates the

change in pC02 level occurring while the patient is

awake; graph 210, shown with a dashed line, illustrates

the change in pC02 level while the patient is asleep. As

can be seen, AcydeC02 while awake is greater than

AcydeC02 while asleep. In addition, etC02 is somewhat
greater while asleep, than while awake.

[0050] The AcydeC02 level is a greater while awake

than while sleep principally because a person breathes

more deeply while awake so as to increase metabolic

oxygen (02 )
consumption. The shallower breathing that

occurs while asleep results in lower metabolic 02 con-

sumption, and hence less C02 is eliminated. According-

ly, the pC02 level never reaches as low a level while

asleep than while awake. EtC02 levels are generally

higher while sleep than while awake because a person

can tolerate a higher level of pC02 in the blood before

a new inhalation is triggered. In other words, the pC02

threshold at which a new inhalation occurs is higher

while asleep than while awake. Hence, both etC02 lev-

els and AcydeC02 levels may be used as an indicator of

the circadian state of the patient, i.e. as an indication of

whether the patient is awake or asleep.

[0051 ] Finally, with regard to FIG. 4, waking cycle 208

and sleep cycle 21 0 are both shown as having the exact

same frequency. In general, the frequency at which

breathing occurs is generally lower while asleep than

while awake. Sleeping and waking breathing cycles are

shown in FIG. 4 as having the same frequency simply

for clarity in illustrating the pertinent differences there-

between. In any case, regardless of any differences in

the frequency of breathing, AcydeC02 levels are gener-

ally greater while awake than while asleep and etC02

levels are generally lower while awake than while

asleep.

[0052] Returning to FIG. 3, at step 21 2, the detection

system determines the current circadian state of the pa-

tient based upon a combination of AcydeC02 ,
etC02 ,

minute ventilation and activity levels. Finally, at step

214, the detection system adjusts pacing parameters

based upon the current circadian state. For example,

the current base pacing rate may be reduced while the

patient is deemed to be asleep. If the pacemaker is pro-

5 vided with separately programmable base rates and cir-

cadian rates, the detection system controls the pace-

maker to switch from the base rate to the circadian rate

whenever the detection system determines the patient

has transitioned from a waking state to a sleeping state.

10 In addition to controlling pacing parameters, the detec-

tion system may control diagnostic functions of the de-

vice to, for example, trigger various self-tests of the de-

vice while the patient is asleep, since such tests are

more advantageously performed while the patient is

15 asleep due to generally lower pacing rates and corre-

spondingly lower demands on the power supply and

processing capabilities of the implanted device. In gen-

eral, any of a wide variety of adjustments to the opera-

tional parameters of the implanted device may be per-

20 formed, at step 214, based on the circadian state and

no attempt is made herein to describe all such possible

operations.

[0053] As noted, at step 21 2, the detection system de-

tects the current circadian state of the patient based up-

25 on a variety of parameters that generally vary with cir-

cadian state including some combination of AcydeC02 ,

etC02 , minute ventilation and activity levels. In one ex-

ample, the system combines the various circadian pa-

rameters together to yield a single value or "metric" rep-

30 resentative of the current circadian state. For example,

each of the individual circadian parameters may be nor-

malized, then averaged together, to yield the metric. Of

course, calculation of the metric takes into account that

some parameters, such as AcydeC02 , tend to be numer-

35 ically greater while the patient is awake whereas others,

such as etC02 tend to be numerically lower. Hence, the

combined metric is not calculated by simply averaging

raw data together. In any case, the metric is then com-

pared against threshold values indicative of whether the

40 patient is asleep or awake. Preferably, a running aver-

age is maintained over the last one hour of detected pa-

rameters.

[0054] In general, it is believed that C02-based pa-

rameters provide a more reliable indication of circadian

45 state than minute ventilation or activity. Accordingly, the

metric, which represents a combination of all detected

circadian parameters, preferably weights the C02
-

based parameters (i.e. AcydeC02 and etC02) more

heavily than minute ventilation and activity. In one spe-

50 cific example, the parameters associated with C02 lev-

els are doubled as compared to the activity parameters

and minute ventilation parameters prior to combining to

yield the single metric. As can be appreciated, a wide

variety of techniques may be employed for combining

55 or blending the information received from various sen-

sors into a single value that can be compared against

predetermined threshold levels.

[0055] Insofar as the threshold levels are concerned,

8
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in one example, a single upper threshold is employed

and, if the combined metric exceeds the upper thresh-

old, the patient is deemed to be awake. Likewise, a sin-

gle lower threshold is employed and, if the combined

metric falls below the lower threshold, the patient is

deemed to be asleep. If the metric falls between the up-

per and lower threshold values, the system considers

the circadian state to be currently ambiguous and hence

makes no changes to operational parameters of the de-

vice. In other implementations, a single threshold is pro-

vided and the detection system identifies the current cir-

cadian state simply based upon whether the combined

metric exceeds or falls below the single threshold value.

In still other implementations, different threshold values

may be employed depending upon whether the patient

is currently in the sleep state or the waking state. In other

words, once the patient is deemed to be asleep, a higher

threshold must be surpassed before the detection sys-

tem concludes that the patient has awoken and resets

operational parameters of the implanted device. Like-

wise, once the patient is deemed to be awake, the metric

must fall below a lower threshold before the detection

system concludes that the patient has fallen asleep.

Hence, once a detection system has identified the cur-

rent circadian state, it is biased to remain within that

state. This helps prevent frequent changes in operation-

al parameters of the device in circumstances where in

the parameters used to detect the circadian state yield

generally ambiguous results.

[0056] An alternative technique for determining the

circadian state, at step 212, is graphically represented

in FIG. 5. The technique employs a three-dimensional

histogram. In the specific example of FIG. 5, etC02 lev-

els are detected then used to increment counters within

a set of histogram bins. Each bin corresponds to a range

of breath-by-breath etC02 levels. If the patient is asleep,

bins indicative of relatively high etC02 levels are incre-

mented more often than those indicative of low etC02

levels. While the patient is asleep, the opposite occurs.

Periodically, preferably once each hour, the detection

system examines the counter values within each of the

bins and determines the current circadian state based

upon the relative shape of the resulting histogram or up-

on some value representing the average of the histo-

gram values. Within FIG. 5, histogram 21 6 illustrates ex-

emplary counter levels occurring while the patient is

awake. Histogram 218 illustrates exemplary counter

levels occurring while the patient is asleep. Additional

histograms may be maintained for each of the parame-

ters that have been detected. Alternatively, the afore-

mentioned combined metric may be used to increment

bins within a metric histogram. The centroid of each one

hour's worth of histogram data may be calculated to

summarize the trend in data such that each full histo-

gram need not be stored for more than one hour thus

saving memory. In any case, once the shape of the bins

of the latest histogram has been examined and a deter-

mination of the current circadian state is made, the bins

are cleared. In still other implementations, fuzzy logic is

employed to determine the current circadian state

based upon relative the values of the various detected

parameters.

5 [0057] Referring to the remaining figures, various ex-

amples will now be described. Within FIG. 6, variations

in average minute ventilation, activity level, etC02 and

AcyC |eC02 are shown over a period of twenty-four hours.

As can be seen, while the patient is awake, minute ven-

10 tilation, activity and AcydeC02 levels are generally high-

er than while asleep. EtC02 levels are generally lower

while awake than while asleep. Hence, in the example

FIG. 6, each of the parameters varies strongly with cir-

cadian state and any one of the parameters can be used

15 to detect the circadian state. However, depending upon

the particular patient, some of the individual parameters

may vary in ways that are unexpected or ambiguous.

For example, within FIG. 7, both minute ventilation and

activity parameters vary generally randomly over the

20 course of the day, perhaps as a result of labored breath-

ing, such that circadian cycles cannot reliably be deter-

mined therefrom. However, both the etC02 and

AcyC |eC02 levels vary strongly with circadian state. This

is one reason why, preferably, the C02-based parame-

25 ters are weighted more heavily in the determination of

the circadian state than either activity or minute ventila-

tion. In the specific example of FIG. 7, the on-going var-

iations in minute ventilation and activity may be the re-

sult of, for example, CHF.

30 [0058] FIG. 8 illustrates an example wherein a tem-

porary change in AcydeC02 and etC02 levels occurs

while patient is asleep. This may be the result of a period

of somewhat deeper breathing while the patient is

asleep. Because breathing is deeper, minute ventilation

35 also increases temporarily. However, because patient is

still asleep, activity remains at a low level. Hence, FIG.

8 illustrates the desirability of employing activity-based

parameter along with the other parameters to help pre-

vent a false detection of a change in circadian state. If

40 blood C02 levels only were employed, the detection

system might erroneously conclude that the patient has

awoken.

[0059] FIG. 9, which covers only a period of two hours,

illustrates a brief burst of exercise occurring while the

45 patient is awake. As can be seen, minute ventilation, ac-

tivity, etC02 and AcydeC02 levels all spike upwardly

briefly. Hence, FIG. 9 illustrates that brief increases in

etC02 levels should not be misconstrued as an indica-

tion of entry into a sleep state. By basing the detection

50 of the circadian state on at least an hour worth of data,

such misinterpretations are substantially avoided. As

explained above, although exercise can raise etC02

levels temporarily, most patients with pacemakers or

ICDs do not engage in enough exercise to elevate the

55 average etC02 level while awake over the average

etC02 level while asleep. Moreover, by factoring in ac-

tivity and minute ventilation into the circadian state de-

tection, false detections of sleep states are further

9
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avoided.

[0060] Additionally, it has been found that blood C02

levels vary according to the stage of sleep. This is illus-

trated in FIG. 10, which shows minute ventilation values

(VE ) as a function of pC02 levels for various sleep stag-

es. As can be seen from the figure, the pC02 triggering

point at which inhalation begins is lowest while awake,

higher while in stage 3/4 sleep, still higher in stage 2

sleep, and highest in rapid-eye movement (REM) sleep.

Since etC02 levels depend upon the pC02 concentra-

tion that triggers inhalation, etC02 levels likewise de-

pend on the stage of sleep and so changes in etC02

levels while asleep can be used to detect the sleep

stage. Also, note that the slope of minute ventilation as

a function of pC02 varies according to sleep state, with

the slope equal to 1 .60 while awake, 0.81 while in stage

3/4 sleep, 0.69 while in stage 2 sleep and 0.45 while in

REM sleep. Thus, implantable medical devices such as

devices incorporating both chest impedance measuring

devices and blood pH sensors can be configured to cal-

culate the ratio or slope of minute ventilation to pC02

and to use the ratio to determine whether the patient is

asleep or awake and, if asleep, to further determine the

stage of sleep.

[0061] An exemplary technique for detecting circadi-

an state and/or sleep stage based on the ratio of minute

ventilation to pC02 is shown in FIG. 11. At steps 300

and 302, detection system 101 (FIG. 2) determines

pC02 and minute ventilation based on signals received,

respectively, from the pH/C02 sensor and the minute

ventilation sensor (also FIG. 2.) At step 304, the detec-

tion system determines the ratio or slope of minute ven-

tilation to pC02 . This may be determined, for example,

by averaging pC02 levels and minute ventilation levels

over some period of time (such as the last fifteen min-

utes) then taking the numerical ratio of the two averaged

values or by recording individual pairs of values of

minute ventilation and pC02 and determining the slope.

In any case, at step 306, the detection system also de-

termines the average etC02 level (or end tidal pH level).

Then, at step 308, the detection system determines the

circadian state of the patient based upon either the av-

erage etC02 level or the average ratio of minute venti-

lation to pC02 or a combination of both. If the patient is

asleep, the detection system further determines the

stage of sleep, i.e. either REM, stage 2 or stage 3/4.

Finally, at step 31 0, the detection system adjusts control

parameters of the implanted device based upon the cur-

rent circadian state and/or the current sleep stage.

[0062] For example, if the ratio of minute ventilation

to pC02 is found, at step 308, to be greater than 1 .0, the

patient is deemed to be awake; otherwise, the patient is

deemed to be asleep. If the ratio is found to be in the

range of 0.75 to 1 .0, the patient is deemed to be in stage

3/4 sleep. If the ratio is found to be in the range of 0.50

to 0.75, the patient is deemed to be in stage 2 sleep. If

the ratio is found to be less than 0.50, the patient is

deemed to be in REM sleep. These thresholds may be

calibrated for use with particular patients. Likewise, the

average etC02 level can be compared against threshold

values to determine the stage of sleep, with the appro-

priate threshold levels determined experimentally and
5 calibrated, if needed, for use with particular patients. A

metric can be generated that combines the ratio data

and the etC02 data to determine the circadian state and/

or sleep stage, with the ratio data and the etC02 data

weighted relative to one another, as desired. Moreover,

10 the ratio data can also be used to supplement the circa-

dian state detection technique of FIG. 3., i.e. it can be

combined with activity data, AcydeC02 data, etc.

[0063] Hence, analysis of blood C02 alone or in com-

bination with minute ventilation may be used to distin-

15 guish stages of sleep and, if desired, operational param-

eters of the implantable medical device may be adjusted

based upon sleep state. Although the examples provid-

ed herein primarily relate to implantable cardiac stimu-

lation devices, principles of the invention may be em-
20 ployed within other implantable medical devices, such

as neurostimulation devices, wherein the operation of

the device may need to be controlled based upon the

sleep state of the patient. The techniques invention are

applicable in a wide variety of applications and no at-

25 tempt made herein to enumerate all such applications.

Claims

30 1. A system for detecting the circadian state of a pa-

tient for use in an implantable medical device for

implant within a patient, comprising:

means for detecting one or more blood carbon

35 dioxide (C02 )
parameters;

means for identifying changes in the one or

more blood C02 parameters over a plurality of

breathing cycles; and

means for determining the circadian state of the

40 patient based upon the changes in the one or

more blood C02 parameters over the plurality

of breathing cycles.

2. A system as claimed in Claim 1 , characterised in

45 that: the detecting means comprises:

a sensor system operative to detect blood car-

bon dioxide levels (pC02 ); and

the identifying and determining means com-
50 prises

a C02-based circadian state detection system

operative to detect maximum variations of

pC02 levels occurring within individual breath-

ing cycles (Acyc |eC02 ), track changes in

55 Acyc |eC02 , and determine the circadian state of

the patient based upon the changes in

AcycleC°2-

35

40

50
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3. A system as claimed in Claim 2, characterised in

that the sensor system also comprises an activity

sensor and a minute ventilation sensor, and the cir-

cadian state detection system is operative to deter-

mine the circadian state of the patient based on a 5

combination of end tidal C02 (etC02 ) levels,

AcydeC02 ,
activity levels and minute ventilation lev-

els.

4. A system as claimed in Claim 3 further comprising 10

a controller operative to control device functions

based on the detected circadian state of the patient.

5. An implantable medical device for implant within a

patient, 15

characterised in that it incorporates a sys-

tem as claimed in any preceding Claim, for detect-

ing the circadian state of a patient.

6. An implantable medical device for implant within a 20

patient, characterised by a control system com-

prising:

a blood C02 sensor;

an activity sensor;

a minute ventilation sensor; and

a controller operative to control device func-

tions based on a combination of blood C02 pa-

rameters, activity levels and minute ventilation

levels.

35
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